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ABSTRACT 
Aim of the Master’s thesis is modification of twin engine EV-55 aircraft developing by the 
Evektor Company to a fire-fighting version. Design modification corresponds to the CS-23 
Amendment 3 requirements. First a competitiveness study and comparison with current fire-
fighting aircrafts is performed. Based on the study suitability of the EV-55 as an aerial fire-fighter 
is evaluated and requirements on the fire-fighting EV-55 modification are stated from 
competitiveness point of view. Design of the fire-fighting system based on these facts and CS-23 
requirements is performed as well as necessary design adjustment of the fuselage as main part 
of the thesis. Strength analyses of the system and the fuselage is performed to show compliance 
with the CS-23. In the end influence of the fire-fighting system on the flight performance and 
stability is discussed. 
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ABSTRAKT 
Diplomová práce se zabývá přestavbou dvoumotorového letounu EV-55 vyvíjeného společností 
Evektor s.r.o. na požární verzi. Konstrukční úprava odpovídá předpisu CS-23 Amendment 3. 
Nejprve je provedena studie a porovnání se současnými konkurenčními požárními letouny. Na 
základě této studie je zhodnocena vhodnost letounu EV-55 pro přestavbu na požární verzi a 
stanoveny požadavky, které musí požární EV-55 splňovat z hlediska konkurenceschopnosti. Na 
základě těchto požadavků a certifikačních předpisů je provedena hlavní část práce - konstrukce 
hasicího zařízení a navrženy nutné konstrukční úpravy trupu letounu. Dle uvedeného předpisu je 
dále provedena pevnostní kontrola zařízení a trupu s úpravami. Na závěr je zhodnocen vliv 
hasicího zařízení na letové výkony a stabilitu letounu.  
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1 INTRODUCTION 
 
Aerial fire-fighting is widely used method of suppressing wild fires. It offers three major 
advantages against ground fire-fighting – speed, access and observation. The most effective way 
of stopping extensive bushfires is rapid intervention in their incipient stages. For forest fires 
which often start at remote places in rugged terrains, aerial fire fighting is the only way to 
minimise the damage. Possibility of observation from the air is also very important, because it 
gives overview of the fire development, which is impossible from the ground for extensive fires. 
These reasons lead to constant improvement in aerial fire fighting technologies and strategies 
despite high costs of aviation. To illustrate commercial potential of fire-fighting aircrafts, for 
instance in 2003 in U.S. almost 1000 aircrafts were owned or contracted by the U.S. Forest 
Service with annual expenditures of 250 million US dollars.[1] 
 
 
Fig. 1-1 Aerial fire-fighting [2] 
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The EV-55 is a multirole aircraft with two turboprop engines which guarantee high reliability as 
well as high cruise speed. One of the main purposes of the EV-55 is passenger or cargo 
transportation for shorter distances which is common in countries with lower population 
density. As these countries have also less developed transportation networks, extensive wildfires 
present a problem for usual ways of fire-fighting. Therefore role of a fire-fighter could be 
commercially successful version of the EV-55, especially if allows simple rebuilding to normal 
passenger or cargo version. Assessing EV-55 suitability for aerial fire-fighting and 
competitiveness study is the first part of this thesis. Outcomes of the study set basis for the fire-
fighting system design. 
Further the thesis describes types of aerial fire-fighting systems and choosing the most suitable 
one. 
Core of the thesis lies in the fire-fighting system design according to all requirements – either 
mandatory given by CS-23 or others from competitiveness study as well as from practical 
experience of aerial fire-fighting. Design of the system is performed to suite the EV-55 structure, 
also necessary adjustments of the EV-55 structure itself are described.  Strength computations 
of the system and EV-55 structural adjustments are preformed in order to prove compliance 
with the CS-23 requirements. Computation of discharging time and coverage level to prove the 
system functionality is also performed. 
Last part of the thesis analyzes influence of the fire-fighting system on flight performance and 
stability – endurance, range and influence on the centre of gravity. 
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2 EV-55 OUTBACK 
 
The EV-55 Outback is a twin-engine turboprop aircraft developed by Evektor Company in the 
Czech Republic. It is high-wing aircraft with engines mounted on the wing with T-tail 
configuration, retractable tricycle landing gear and spacious cabin. The aircraft is being certified 
under CS-23 Normal and may carry up to 9 passengers as passenger version or maximum 1776 
kg as cargo version or may be combination of both. With 1400 kg payload the range is 730 km 
and 2600 km with zero payload which is useful for patrolling purposes for fire-fighting version. It 
is designed for low operating costs and simple maintenance. Ability to operate from unpaved 
runways with need of 373 m TODA is important advantage for fire-fighting aircraft because it 
allows operating from small airfields or even temporary landing strips. Primary structure is from 
aluminium alloys, some parts of secondary structure are made out of composite materials 
(about 15% of structure weight).  [3] 
Basic technical specification: 
Dimensions 
Wing span 16.10 m 
Length 14.35 m 
Height 4.66 m 
Operating weights 
Max. take-off weight 4600 kg 
Empty weight (cargo version) 2597 kg 
Empty weight (passenger v.) 2658 kg 
Max. fuel 1656 kg 
Max. payload 1776 kg 
Speed 
Max. cruise speed 408 km/h 
Stall speed vS0 148 km/h 
Engines – 2xPT6A-21 
Max. take-off power 2 x 535 hp 
Tab.  2-1 Technical specification [3] 
 
 
Fig. 2-1 EV-55 Outback [3] 
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Fig. 2-2 EV-55 3-view drawing [3] 
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 Passenger version 
Passenger version of the EV-55 can carry 9 passengers under CS-23 Normal category with plenty 
of space and a window for each passenger. The cabin is able to carry up to 14 passengers (not 
according to CS-23). Ventilation, heating system or optional air-conditioning can be installed. 
Range with 9 passengers with baggage is 1480 km. [3] 
 
Fig. 2-3 EV-55 Passenger version [3] 
 
 
 
 
 Cargo version 
Cargo version is modification of the passenger version. The modification can be performed in 30 
minutes. Large cargo door 1.25x1.37 m on rear left side of the fuselage allow transport of either 
separated packages as well as cargo on pallets. Beneficial is large CG range between 8-35% MAC. 
[3] 
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Fig. 2-4 EV-55 Cargo version [3] 
 
 
 Combi version 
This version is combination of passenger and cargo version for higher flexibility. In the front of 
the cabin the cargo is placed and behind a barrier net from 3 to 5 can be transported. [3] 
 
Fig. 2-5 EV-55 Combi version [3] 
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Fire-fighting version would be another modification of the EV-55 which would enhance utility 
value of the aircraft. Rebuilding from cargo to passenger version or back takes up to 30 minutes. 
The same amount of time is expected for conversion from cargo version to the fire-fighting 
modification by 3 persons. Such fast modification is very convenient because the aircraft can 
serve for its usual purposes even during the wildfire season but can be modified to a fire-fighter 
promptly in needed. 
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3 COMPETITIVENESS STUDY 
 
Nowadays there are many types of an aircrafts used for aerial fire-fighting. They are either fixed-
wing aircrafts or helicopters. Fixed-wing aircrafts are convenient mainly for their speed and fire-
retardant load capacity. When the fire is located in a terrain far away from any landing strip and 
water source, high cruise speed is crucial. If the fire is close to even small water source, 
helicopters are more convenient because of their VTOL capabilities which do not require 
returning to a landing strip (or even landing) to refill the fire-retardant. In this chapter the EV-55 
is compared to its competitors in the market. 
 
 
3.1 Competitors 
 
 An-2 L 
   
 
Fig. 3-1 An-2 [4] 
 
cruise speed 180 km/h 
operating costs per hour 610 euro 
wing span 18.1 m 
MTOW 5500 kg 
empty weight 3430 kg 
mass of fire retardant 1500 kg 
  
Tab.  3-1  An-2 parameters[5] 
 
 
The An-2 is all-metal biplane first flown 1947 from Ukraine. It was a mass-produced single radial 
engine aircraft originally designed for agriculture purposes. For its flight performance as low stall 
speed, suitable for short unpaved fields (minimum 450 m TODA), was later used for other tasks 
like transport, parachute drop aircraft and even military purposes. Despite it is not one of the 
latest aircrafts, it is still commonly used especially in former Soviet Union countries. One of the 
disadvantages is obsolete technology and therefore high operational costs and fuel 
consumption. [6] 
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 Z-37 
   
 
Fig. 3-2  Z-37 [7] 
cruise speed 180 km/h 
operating costs per hour 290 euro 
wing span 12.2 m 
MTOW 1850 kg 
empty weight 985 kg 
mass of fire retardant 600 kg 
  
Tab.  3-2 Z-37 Parameters [8] 
 
 
The Z-37 Čmelák is Czechoslovakian aircraft from 1963. It was designed as an agriculture aircraft, 
but it is used also for fire-fighting or glider aerotows. It is all-metal low-wing single radial engine 
aircraft with minimum 500 m of landing strip, suitable for unpaved fields. The Z-37 is operated 
mainly in post Soviet Union countries. [6] 
 
 Z-137T 
   
 
Fig. 3-3 Z-137T  [9] 
cruise speed 230 km/h 
operating costs per hour 650 euro 
wing span 13.63 m 
MTOW 2525 kg 
empty weight 1250 kg 
mass of fire retardant 900 kg 
  
Tab.  3-3 Z-137T Parameters [6] 
 
 
The Z-137T Turbočmelák is Czechoslovakian agriculture aircraft, development of the Z-37 with 
turboprop engine from 1981.  
 
 
 
 
22 
 
 M-18 Dromader 
   
 
Fig. 3-4 M-18 Dromader [10] 
cruise speed 190 km/h 
operating costs per hour 610 euro 
wing span 17.7 m 
MTOW 4700 kg 
empty weight 2550 kg 
mass of fire retardant 2000 kg 
  
Tab.  3-4 M-18 Parameters [11] 
 
 
 
The M-18 Dromader is polish agriculture aircraft from 1976. It is powered by single radial engine 
and it is used a lot as a fire-fighter. It flies in Europe as well as in the U.S. Minimum length of 
runway is 600 m. [11] 
 
 AT-802F Airtractor 
   
 
Fig. 3-5 AT-802F Airtractor [12] 
cruise speed 310 km/h 
operating costs per hour 
[13] 
1015 euro 
wing span 18.06 m 
MTOW 7257 kg 
empty weight 2951 kg 
mass of fire retardant 3992 kg 
  
Tab.  3-5 AT-802 parameters [14] 
 
 
 
This aircraft comes from the U.S. as an agriculture aircraft powered by turboprop engine. 
Maiden flight was performed in 1990. There are versions built specially for fire-fighting, also a 
version Fire Boss equipped with amphibious floats and ability to refill the tanks directly from 
water surface. [14] 
 
 
 
23 
 
 Bell 412 
   
 
Fig. 3-6 Bell 412 [15] 
cruise speed 225 km/h 
operating costs per hour 1150 euro 
rotor diameter 14 m 
MTOW 5397 kg 
empty weight 3079 kg 
mass of fire retardant 1000 kg 
  
Tab.  3-6 Bell 412 parameters [16] 
 
 
 
The Bell 412 is U.S. twin-engine utility helicopter first flown in 1979. The helicopter is commonly 
used by police, SAR as well as for military use in whole world. By simple adding suspended bambi 
bucket of 800 or 1000 litres it is suitable for fire-fighting. The bambi bucket may be refilled 
either on the ground from a fire truck or by dipping into water. [16] 
 
 L-410 Turbolet 
   
 
Fig. 3-7  L-410 Turbolet [17] 
cruise speed 350 km/h 
operating costs per hour 790 euro 
wing span 19.5 m 
MTOW 6600 kg 
empty weight 3725 kg 
mass of fire retardant 1600 kg 
  
Tab.  3-7 L-410 parameters [18] 
 
 
 
The L-410 Turbolet is Czechoslovakian turboprop transport aircraft from 1971. It has never been 
transformed to a fire-fighting version, only study as a thesis was performed. This aircraft was 
added only to compare since it is EV-55 competitor as a transport aircraft. 
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 CL-415 Superscooper 
   
 
Fig. 3-8 CL-415 Superscooper [19] 
cruise speed 340 km/h 
operating costs per hour 
[13] 
5860 euro 
wing span 28.6 m 
MTOW 19890 kg 
empty weight 12880 kg 
mass of fire retardant 6124 kg 
  
Tab.  3-8 CL-415 parameters [20] 
 
 
 
Former Canadair nowadays Bombardier 415 is a Canadian amphibious turboprop aircraft based 
on previous CL-215 design. This is the only one comparing aircraft which was purposely design as 
pure fire-fighter and it also corresponds to its performance, but also to its price of 35.5 million 
euro. It was first flown in 1993, in total 76 of CL-415 were built. Important advantage is it can 
refill the tanks by flying over the water surface, either fresh or see water, and is able to mix it 
with chemical foams if desired. The CL-415 is used in North America and some European coastal 
states. 
 
 Lockheed H-130 Hercules 
   
 
Fig. 3-9 H-130 Hercules [21] 
 
cruise speed 540 km/h 
operating costs per hour 
[13] 
5220 euro 
wing span 40.4 m 
MTOW 70300 kg 
empty weight 34400 kg 
mass of fire retardant 5220 kg 
  
Tab.  3-9  H-130 parameters [22] 
 
 
 
Lockheed H-130 Hercules is a successful multirole four-engine turboprop military transport 
aircraft from U.S. from 1954. Although it can land and take-off at speed of only 130 km/h and do 
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not require paved runways, for its dimension it obviously needs longer strips than smaller fire-
fighting aircrafts. The H-130 is easily transformed to fire-fighting version by adding the Modular 
Airborne Fire-Fighting System. 
 
 
 
It is obvious that aircrafts like the CL-415 or the H-130 are out of range either from type, 
performance as well as operational costs point of view. But they are added to get an overview of 
fire-fighting aircrafts on the market. 
 
 
 
3.2 Competitiveness assessment 
 
As main factor of assessing the EV-55 fire-fighting version competitiveness is its performance 
described by the fire-fighting efficiency. Second factor is the economical efficiency where the 
operational costs are taken into account.  
 
3.2.1 Fire-fighting efficiency 
 
The fire-fighting efficiency means litres of dispersed fire retardant per one operational hour. 
There are many viewpoints how to compare the aircrafts as some of them are able to refill the 
tanks from water surface, helicopters even from small water source like a swimming pool. 
Obviously this advantage is useful only if suitable water source is located nearby the fire. 
Therefore two model situations were used – fire located 20 km and 60 km far from a landing 
strips and all the aircrafts are to land to refill their tanks (except the CL-415 which is especially 
designed to refill from a water surface and Bell 412 which is being refilled while hovering above 
a fire-fighters truck, but with the same distance of 20 and 60 km). Two different distances are 
used to show the influence of cruise speed. One operational flight consists of filling up the fire 
retardant tanks, taking off, cruising to the designated place and fire dropping the fire retardant, 
cruising back, landing and taxiing to the fire retardant supply. From these data following charts 
were compiled. Data tables can be seen in appendices. 
Fire-fighting efficiency was computed as: 
     
   
  
 
   
                     
 (3-1) 
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where mfr is mass of fire retardant which the aircraft can carry, tc is time for one cycle – it consist 
of time needed to filling up the fire retardant tanks, taking off, cruising to the designated place 
and fire dropping the fire retardant, cruising back, landing and taxiing to the fire retardant 
supply. 
Aircrafts originally designed as agriculture or fire-fighter are marked by *. 
 
Fig. 3-10 Fire-Fighting Efficiency for 20 km 
 
 
 
 
 
Following chart is only scaled - excluding the CL-415 and the H-130 because they are aircrafts of 
different size and it allows better to see comparison of aircrafts of similar category. 
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Fig. 3-11 Fire-Fighting Efficiency for 20 km scaled 
 
Charts for 60 km distance between the fire place and the landing strip: 
 
Fig. 3-12 Fire-Fighting Efficiency for 60 km 
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Fig. 3-13 Fire-Fighting Efficiency for 60 km scaled 
 
 
 
 
 
 
3.2.2 Economical efficiency 
 
This indicator takes operational costs into account. It consists of fire-fighting efficiency     (litres 
of dispersed fire retardant per operational hour) divided by hour operational costs    of the 
aircraft again for 20km and 60km distance of the fire.  
 
    
   
  
 (3-2) 
 
0 
1000 
2000 
3000 
4000 
5000 
6000 
7000 
lit
re
s 
o
f 
fi
re
 r
et
ar
d
an
t 
/ 
h
o
u
r 
Fire-Fighting Efficiency (60km) - scaled  
29 
 
 
Fig. 3-14 Economical efficiency 20 km 
 
 
 
Fig. 3-15 Economical efficiency 60 km 
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However for purpose of aerial fire-fighting these charts are less important than the fire-fighting 
efficiency. Interesting result of these charts is the CL-415 and C-130 are able to deliver huge 
amount of fire retardant in time but for significant financial costs. 
 
 
3.3 Competitiveness conclusion 
 
The charts described above show EV-55 average performance in fire-fighting efficiency as well as 
from operational costs point of view, but also that the EV-55 is more efficient than some current 
fire-fighting aircrafts in service. For its high cruise speed the EV-55 becomes more convenient 
with larger distance of landing field from the fire which is important for huge remote areas in 
countries for instance like Australia. 
Important fact to point out is that most of the compared aircrafts (marked by *) are single-
purpose aircrafts specialized for fire-fighting (as nowadays agricultural purpose of these aircrafts 
becomes costly and less important). Out of the wildfire season these aircrafts cannot perform 
any other tasks and brings only costs. Design of the fire-fighting version EV-55 may be 
commercially successful when allows simple and low time-consuming modification to the cargo 
or passenger version for wildfires off-season (or even during season). On this fact further 
development of the fire-fighting version EV-55 will be based. Other requirement to enhance 
commercial potential will be only minor structural adjustments of the fuselage to allow simple 
rebuilding from already manufactured EV-55. 
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4 AERIAL FIRE-FIGHTING SYSTEMS 
 
The easiest and maybe even cheapest way would be to use a commercial system suitable for the 
EV-55. This chapter is to summarize available fire-fighting systems choose the most suitable one 
for the EV-55. 
 
 Internal specially designed tank 
Most common system is an internal tank which is designed for each particular aircraft. This tank 
might be either removable or fixed. 
 
 Suspended bambi bucket 
This system is simply installed and refillable and allows carrying 1000 litres of retardant or more. 
By its nature it is meant to be used for helicopters, so not suitable for the EV-55. 
 
Fig. 4-1 Bambi bucket 
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 Modular airborne fire-fighting system 
There are few commercially developed integral systems to be easily installed to an aircraft to 
enable fire-fighting. But these systems are designed only for few big aircrafts like H-130 
Hercules. 
 
Fig. 4-2 Modular airborne fire-fighting system [23] 
 
 
 Container Delivery System 
This concept allows aerial fire-fighting without any special and expensive equipment. The idea is 
using simple reinforced cardboard boxes filled each with 1000 litres of fire retardant liquid to be 
released from an aircraft. It allows performing attacks from higher altitude with good accuracy. 
This system is designed for aircrafts with rear loading cargo door like C-130 or C-27. Therefore 
this system is also not suitable for EV-55 with side cargo door. [24] 
 
Fig. 4-3 Container Delivery System [24] 
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All the commercial systems nowadays are designed either for big aircrafts or helicopters. 
Therefore the only way is to design new fire-fighting system for the EV-55. 
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5 FIRE-FIGHTING SYSTEM DESIGN 
 
5.1 System design 
 
Purpose of the fire-fighting system is to store the fire retardant and allow fast discharge above 
designated area. The design has to comply with outcomes from the competitiveness study – has 
to be quickly and easily installable and require only minor adjustment of already made EV-55. 
Structure of the system must comply with the CS-23 requirements. 
Whole system is designed to be installable with access only from backwards from the cargo door 
side. It is due to the fact there is not much space between pilots seats and moreover there will 
be safety barrier installed. 
 
 
Tab.  5-1 Fire-fighting system 
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Fig. 5-1 Fire-fighting system 
 
 
 
 
Fig. 5-2 Fire-fighting system 
 
The system will be described in order of the parts installation. 
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5.1.1 Frame 
 
Purpose of the frame is to redistribute loads from the tank to the fuselage floor rails. It consists 
of four singe frames connected by bracings into two couples. The frames are milled parts from 
material 2017-T4. 
 
Fig. 5-3 Frame in the fuselage 
 
 
Fig. 5-4 One frame 
 
 
 
Fig. 5-5 Frame 
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The frame is attached to the floor rails by several double-stud fittings transferring z-direction 
forces and pins transferring x and y-direction forces (Fig. 5-38 Coordinate system). Double-stud 
fittings are fitted into the rail and by simple rotation of the pins with a spring the position is set. 
There are 12 fittings and 2 pins per each frame. 
 
Fig. 5-6 Floor rail pattern 
 
 
Fig. 5-7 Pin, double-stud fittings 
 
 
Fig. 5-8 Frame bottom 
 
 
 
 
 
The tank is mounted on the upper side of the frame by dovetails with guiding rails for easier 
assembling. The position is fixed by two pins going through the dovetails. 
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Fig. 5-9 Dovetail pin 
 
 
Fig. 5-10 Dovetail pin 
 
Side stiffness of whole frame is performed by two bracings for each frame couple. The bracing is 
welded part from 6065-T8 material. T-shape is important to obtain sufficient stiffness of the 
frame assembly for manipulation during installing the system. 
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Fig. 5-11 Bracing 
 
 
Fig. 5-12 Bracing, pad between the frame and the bracing 
 
Each bracing is mounted to the frames by four fitted bolts M8. Because it is a welded part, to 
provide sufficient accuracy in pitch of the frames there is a pad between the bracing and the 
frames grinded to exact dimension.  
 
 
5.1.2 Tank 
 
Main part of the system is the tank where most of the retardant is stored. The tank is welded 
box–shaped structure which inconvenient from strength point of view, but is simple to 
manufacture regarding not many of these would be produced. There is a requirement for simple 
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mounting to the fuselage and outlets connection which would also be more complicated for 
round-shaped tank. 
The tank frame is welded including the skin, only four dovetail profiles on the tank floor which 
are riveted. The tank is attached to the frame at the bottom by dovetails and to the rope at the 
top. Whole tank is 4 degrees tilted backwards. 
Total weight of the tank is 29.85 kg. Considering the fact it is going to be installed only with 
access from backwards in the fuselage, weight could make the installation difficult. If so, simple 
wheels could be add to the tank floor. 
 
Fig. 5-13 Tank 
 
Dimension of the tank allows installation through the cargo door. 
 
Fig. 5-14 Tank installation 
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 Tank frame 
The frame is welded from L profiles from 6065-T8 [25]. Their dimensions differ depending on 
load factors for each direction. The strongest L profile 60x30x5 mm is used for the front and rear 
wall. Each wall of the tank is loaded by water pressure with corresponding load factor. Front and 
side wall profiles are connected together by tension struts to redistribute loads to both walls.  
 
 Tank skin 
The skin is made of 1.2 mm thick sheets from material 5052-H32 [26]. The 5052 has the best 
welding characteristics from aluminium alloys and provides high corrosion resistance even for 
seawater. The skin fields are welded to the profiles by a fillet weld. The sheet thickness is 
reduced in thickness by chemical milling to 0.4 mm, only rims around the edges are original 1.2 
mm to allow welding. Thickness reduction is not necessary but it saves 12.3 kg of the tank 
weight which is important especially for manipulation when installing the tank to the fuselage. 
 
Fig. 5-15 Skin welding 
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 Dovetail profiles 
To the bottom of the tank four profiles are riveted. Each profile has three dovetail locks to 
attach the tank to the profile. They are milled of 2017-T4 material. 
 
 
Fig. 5-16 Dovetail profiles 
 
 
 
5.1.3 Outlets 
 
Two outlets are bolted to the tank. Their purpose is to transfer fire retardant from the tank out 
of the aircraft. Most convenient would be to discharge directly underneath the tank, but this is 
not possible due to the nacelles where the landing gear is placed. Direct discharge or using 
shorter outlets would require significant fuselage structure modifications which are not desired. 
Outlets have rectangular cross section to use maximum of area among stringers and frames of 
the fuselage structure. Cutting this structure in order to provide bigger cross section and 
therefore faster discharge would mean too complicated structural adjustments which is 
unwanted as mentioned. Computation of sufficiency of outlet cross section area for discharge is 
in the following chapter. The outlets are filled by the retardant as well and their doors are 
opened by locking mechanism by signal from a pilot. Weight of one outlet is 3.9 kg. 
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Fig. 5-17 Outlet 
 
The structure is welded. First sides are welded – skin of left and right side are welded with upper 
and bottom rims (left side of the following figure). Then upper and bottom skin is welded to the 
rims and finally all profiles of the stiffening frames are welded as well as entrance and final 
flange. Flange, rims as well as 0.8 mm skin are made from easily weldable 5052-H30 material. 
 
Fig. 5-18 Outlet welding 
 
Outlet flange is bolted by four M14 bolts to the tank flange with a sealing between them and by 
4 bolts to the frame. At the entrance of the outlet there is a backflow preventer – reinforced 
hinged panel made from 2024-T4 material which significantly reduce water column on front tank 
wall for forward load case nx+=9g and so the front wall can be less stiff and lighter. The backflow 
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preventer is kept in closed position by a torsion spring and a stopper. While discharging it is 
opened by flowing retardant.  
 
 
Fig. 5-19 Backflow preventer 
 
The outlet is also attached to the floor rails by the locking pad. Position of the locking pad itself 
is fixed by a split pin. On the bottom there are double-stud fittings, the same as on the frame. 
Each outlet has two locking pads. 
 
Fig. 5-20 Locking pad 
 
Last part of the outlet is the door. Opening mechanism is controlled by hydraulic cylinder which 
rotates the levers to unlock the door. The door is milled from 2017-T4 material. Levers and axles 
are made of steel E335. 
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Fig. 5-21 Door 
 
After unlocking by the hydraulic cylinder water pressure opens the door itself. They are held in 
position by elastomeric stopper which also absorbs impact of the moving door. Closing is 
performed manually on the ground by ground crew. 
 
Fig. 5-22 Outlet door (figure without landing gear nacelles) 
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Fig. 5-23 Opened door 
 
 
5.1.4 Filling hose 
 
At the bottom of the tank there is connection fitting for the filling hose. The hose is standard 52 
mm hose used for fire-fighting. It can be connected to the tank permanently and does not need 
to be dismantled. 
 
Fig. 5-24 Filling hose 
 
There is a ball valve to be opened for filling up the tank, the other end is standard quick coupler 
used for fire-fighting hoses. Filling can be performed after opening the cargo door. 
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5.1.5 Air intake 
 
On the tank roof there is glued and riveted air intake to supply the tank with air while 
discharging. Volume flow rate must be sufficient, low flow rate would extend discharge time and 
coverage which is undesirable. Therefore the air inlet is reversed to flight direction to use 
dynamic pressure of the airflow. The air inlet is also an indicator for refilling the tank, when the 
system is full the fire retardant starts to flow out of the air inlet.  
 
Parts of the air intake assembly are made of glass fiber reinforced 
polymer, the hose is elastomeric and it is fixed by a hose clamps. 
Piping leads backwards from the tank to enable installation from 
backwards. 
 
 
 
 
Two parts of the air intake are bolted by four M12 bolts to the reinforced skin connection flange. 
 
Fig. 5-26 Air intake connection point 
 
 
Fig. 5-25 Air intake 
48 
 
 
 
Fig. 5-27 Air intake hose 
 
 
 
 
Fig. 5-28 Air inlet 
 
 
5.1.6 Fastening rope 
 
Last part of the system is the fastening rope. Purpose of this steel rope is to eliminate significant 
moment acting on the tank in case of emergency landing for x-direction load factor nx+=9. The 
rope must be tightened by a tensioner after installation. 
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Fig. 5-29 Fastening rope 
 
 
The rope is attached into two floor rail anchors and passed through a ring connected to the top 
of the tank. 
 
 
 
Fig. 5-30 Tank ring 
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Fig. 5-31 Floor anchors 
 
Floor anchors are attached to the floor rail the same ways as the frame under the tank – by two 
double-stud fittings and one pin per each anchor. 
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5.2 Discharge time and coverage level 
 
Functionality of the system depends mainly on the coverage level – litres of fire retardant the 
system is able to disperse per square meter on the ground. Estimation of this and discharge time 
is performed in this chapter. First few important facts are stated before the estimation itself. 
Effective aerial fire-fighting aircraft has to be able to discharge the fire retardant as fast as 
possible for two reasons – at the moment when the fire retardant reaches the surface it must 
not be too dissipated in the air and it should still have sufficient kinetic energy to get through a 
trees and other vegetation to reach the ground where the fire retardant is most effective. 
Second reason is ability of hitting particular spot accurately if desired. From practical experience 
with aerial fire-fighting it is recommended the fire retardant should leave the tank within 2-3 
seconds and the coverage level may be up to 4 l/m2 [27] for suppressing fires in heavy fuels, but 
extensive study performed in the U.S. found that for most common fires with wide range of fuels 
the most effective coverage is about 0.5 l/m2 (from 0.3 to 0.8 l/m2). [27] 
There is to mention that quantifying the coverage level is not accurate. It depends on the time of 
the retardant discharge, height and speed of the attack. When the attack is performed too low, 
the retardant damages the vegetation, when it is too high the retardant loses its kinetic energy 
and spreads out as a mists in the air. For instance speed of 210 km/h and attack height 60 m AGL 
means that around 40 % of the retardant do not reach the ground. [28] For the EV-55 it is 
considered the attack to be performed from 30m AGL at speed of 200 km/h. 
For following coverage level computation, realistic estimation of width of discharged retardant 
reaching the ground is important, but also difficult to estimate. Because detailed study on this 
was not performed in this thesis, the width estimation is based on numerical CFD study 
compared with experiments from University of Notre Dame, U.S. It studies water dumping by an 
amphibious aircraft with 8.5 tons of water dropping from height of 82 m, speed of 185 km/h and 
2.5 s time of discharging its tank. For these data a flow pattern was defined as shows following 
figure [28]: 
 
Fig. 5-32 Flow pattern [28] 
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As shows Fig. 5-32, effective width is about 30 m. Out of this zone the spread water volume and 
therefore coverage is very low. Based on these facts, for the EV-55 attacking from lower height - 
30m and speed of 200 km/h effective width is estimated to be approximately 15 m.  
Water is considered as a retardant for the computations. In case of adding chemicals and foams 
to the water, kinetic viscosity and density changes significantly and therefore also the discharge 
time and coverage. 
The discharge time and coverage were computed from the tank volume (water column) divided 
into three parts: 
 
Fig. 5-33 Tank volumes 
 
Volume from water columns h1 to h2 causes initial acceleration of water mass. Volume between 
h2 and h3 represents effective volume used for discharge time and coverage computation. V3 is 
waste volume. Most of this volume is also discharged, but flow rate decreases significantly. 
Maximum column h1 is constant (full tank), h2 depends on load factor (different load factor 
causes different fast acceleration) and h3 is constant (middle of the outlet entrance). 
 
 Volume V1 
This volume is spent to accelerate mass of the retardant to reach its maximum flow speed in the 
outlets. It is computed from the force F given by water column in the tank. This force accelerates 
mass of water in the outlet of volume Vout. Because the flow speed in the tank is very low against 
speed in the outlets, acceleration as well as decrease of water column in the tank is neglected to 
compute V1. 
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Fig. 5-34 V1 volume 
 
Force F as pressure acting on the outlet cross section (230x212 mm): 
                         (5-1) 
where nz is actual load factor. Water column h1 is at the moment when the doors open. 
From Newton’s law can be written: 
         (5-2) 
where m is mass of water in one outlet, n is load factor. 
And from that: 
   
 
   
 
 
        
 (5-3) 
 
where volume of one outlet Vout is 0.074 m
3, water density 1000 kg/m3. 
Acceleration time: 
   
    
 
 (5-4) 
 
where speed vmax is maximum flow speed in the outlet and is explained later on and also 
depends on load factor. 
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Volume V1 is computed from average volume flow rate multiplied by time: 
    
    
 
        (5-5) 
 
And finally water column used for acceleration: 
          
  
  
 (5-6) 
 
where At is cross section area of the tank in horizontal level (1.115 m
2). 
From these equations volume V1 and water column ha were computed for different load factors. 
n F [N] a [ms-2] t [s] vmax [ms-1] V1 [m3] ∆h=h1-h2 [m] 
1 1493 10.15 0.48 4.8 0.114 0.102 
1.5 2240 15.23 0.32 5.9 0.093 0.084 
2 2986 20.30 0.24 6.8 0.081 0.072 
2.5 3733 25.38 0.19 7.6 0.072 0.065 
 
Tab.  5-2 Volume V1, water column ha 
 
 
 Volume V2 
This volume is the effective volume used to compute the discharge time and the coverage. 
The computation is based on the Bernoulli equation – potential energy of the water column 
changes to kinetic energy of the flow in the outlets.  
For initial state of water column h2 (Fig. 5-33) can be written: 
          
 
 
     
             
 
 
       
     (5-7) 
 
Left side of the equation stands for potential energy (pressure) of the water column which also 
depends on the load factor, second member is kinetic pressure. Because the tank cross section is 
more than 11 times higher than the outlets cross section, speed of water level in the tank vt can 
be neglected (considering the speed vt the computation gives only 0.3% lower vout). Right side of 
the equation (5-7) represents the end of the outlet, where water column hout=0, pl stands for 
pressure losses and is described by the head loss hl. 
           (5-8) 
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With neglecting vt and hout=0 can be written: 
          
 
 
       
         (5-9) 
 
        
 
 
     
       (5-10) 
 
From these speed at the outlet is obtained: 
                           (5-11) 
 
As mentioned, this equation applies to the initial state when the water column is maximum h2. 
During discharging, water column decreases up to h3 (Fig. 5-33) and therefore also the vout 
velocity decreases. This was numerically integrated – difference between h2 and h3 was divided 
to 16 steps and for each step (volume V2 was divided into 16 parts). For each step discharging 
time was computed. 
There is to point out that the head loss hl is a function of vout velocity. Therefore vout should be 
obtained by an iterative process. Because this computation is to proof functionality of the 
system and do not require high accuracy, the computation was simplified – first vout’ without 
hydraulic losses was computed, then from this velocity the hl head loss was obtained and finally 
real vout computed. 
 
- Hydraulic losses 
Main hydraulic loss occurs at entrance to the outlet and at the knee of the outlet. These are 
represented by local loss coefficients and they are further transformed to equivalent length of 
straight pipe with equivalent losses caused only by friction. [29] 
Because theories to compute hydraulic losses are usually for circular cross sections, equivalent 
hydraulic radius of the rectangular outlet cross section was defined [29]: 
    
   
   
 
       
       
                (5-12) 
 
where a and b are outlet cross section dimension. 
 
Reynolds number: 
    
         
 
 (5-13) 
 
56 
 
where              m2/s  is kinematic viscosity of the water. Reynolds number is a function 
of vout.  
Because the Reynolds number ranges between 1.5 106 and 3.8 106, the flow is turbulent and the 
friction coefficient is [29]:  
    
      
   
  (5-14) 
 
Entrance of the outlet [30]: 
There is a shaped fillet between the tank and the outlets. 
Only 60% flow rate would occur in case of sharp edges 
without the fillet. 
 
 
 
 
 
 
 
Local loss coefficient depends on ratio of the fillet radius and the hydraulic diameter. 
  
 
  
 
 
    
 
     
     
       (5-15) 
 
Local loss coefficient by diagram from Basic Fluid Dynamics [30]: 
         (5-16) 
 
Equivalent pipe length [29]: 
          
  
  
 (5-17) 
 
Outlet knee [29]: 
Ratio of the hydraulic diameter and the knee radius: 
 
    
  
 
     
   
      (5-18) 
Fig. 5-35 Outlet entrance 
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Local loss coefficient: 
                 
    
  
 
   
 (5-19) 
 
Equivalent pipe length: 
          
  
  
 (5-20) 
 
Head loss [29]: 
Total pipe equivalent length: 
                   (5-21) 
 
where        is actual length of the outlet 
Conversion from pipe equivalent length to the head loss: 
       
  
    
 
    
 
   
 (5-22) 
 
Based on these equations discharge times and coverage were computed for different load 
factors from 1 up to 2.5. Tables with computational values are included as appendices. 
 
Discharge time and coverage: 
As explained above, volume V2 was divided into 16 partial volumes and for each partial volume 
its discharge time ti was computed. Their sum gives total discharge time: 
       
    
   
            (5-23) 
 
From the discharge time the coverage was computed: 
   
       
        
         
 
  
  (5-24) 
 
where wd=15m is dispersal width and va=55.6 m/s is aircraft speed. Volume V2 and discharge 
time td are functions of load factor. V2 in m
3 is multiplied by 1000 to obtain litters. 
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n td c 
[-] [s] [l/m2] 
1 2.86 0.42 
1.5 2.32 0.53 
2 2.00 0.62 
2.5 1.78 0.71 
Tab.  5-3 Discharge time and coverage 
 
 
Fig. 5-36 Discharge time depending on load factor 
 
 
Fig. 5-37 Coverage level depending on load factor 
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Conclusion 
Cross section of the outlets is sufficient and meets requirements defined in the beginning of this 
chapter – discharge time within 2 – 3 seconds and coverage of 0.3 – 0.8 l/m2. 
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5.3 Structural strength analysis 
 
5.3.1 Coordinate system 
 
Following figure shows used coordinate system. 
 
Fig. 5-38 Coordinate system 
 
 
5.3.2 Certification requirements 
 
Design of the fire-fighting system is performed according to CS-23 Amendment 3 certification 
specification. Strength analysis must comply with the following paragraphs. 
 
CS 23.301 Loads 
„ (a) Strength requirements are specified in terms of limit loads (the maximum loads to be 
expected in service) and ultimate loads (limit loads multiplied by prescribed factors of safety). 
Unless otherwise provided, prescribed loads are limit loads. 
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(b) Unless otherwise provided, the air, ground and water loads must be placed in equilibrium 
with inertia forces, considering each item of mass in the aeroplane. These loads must be 
distributed to conservatively approximate or closely represent actual conditions. Methods used 
to determine load intensities and distribution on canard and tandem wing configurations must 
be validated by flight test measurement unless the methods used for determining those loading 
conditions are shown to be reliable or conservative on the configuration under consideration. 
(c) If deflections under load would significantly change the distribution of external or internal 
loads, this redistribution must be taken into account.  
(d) Simplified structural design criteria may be used if they result in design loads not less than 
those prescribed in CS 23.331 to 23.521. For aeroplanes described in appendix A, paragraph 
A23.1, the design criteria of Appendix A of CS-23 are an approved equivalent of CS 23.321 to 
23.459. If Appendix A is used, the entire Appendix must be substituted for the corresponding 
paragraphs of this CS-23. Used loads are defined as limit loads (the maximum loads to be 
excepted in service) and in ultimate loads limit (loads multiplied by prescribed factors of safety). “ 
[31] 
 
CS 23.303 Factor of safety 
„Unless otherwise provided, a factor of safety of 1·5 must be used.” [31] 
 
CS 23.305 Strength and deformation 
„(a) The structure must be able to support limit loads without detrimental, permanent 
deformation. At any load up to limit loads, the deformation may not interfere with safe 
operation.  
(b) The structure must be able to support ultimate loads without failure for at least three 
seconds, except local failures or structural instabilities between limit and ultimate load are 
acceptable only if the structure can sustain the required ultimate load for at least three seconds. 
However, when proof of strength is shown by dynamic tests simulating actual load conditions, 
the three second limit does not apply.“[31] 
 
CS 23.307 Proof of structure  
„ (a) Compliance with the strength and deformation requirements of CS 23.305 must be shown 
for each critical load condition. Structural analysis may be used only if the structure conforms to 
those for which experience has shown this method to be reliable. In other cases, substantiating 
load tests must be made. Dynamic tests, including structural flight tests, are acceptable if the 
design load conditions have been simulated. 
(b) Certain parts of the structure must be tested as specified in Subpart D of CS-23.”[31] 
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The 23.305 and 23.307 paragraphs will be proved by strength computation with reserve factors 
as evaluation and ultimate load test. The tank compliance will be proved by static pressurization. 
Tank failure would cause spillage of the retardant which means significant shifting of the centre 
of gravity and therefore influencing flight stability with possible catastrophic consequences.  
 
CS 23.561 Emergency landing conditions – general 
„ (a) The aeroplane, although it may be damaged in emergency landing conditions, must be 
designed as prescribed in this paragraph to protect each occupant under those conditions. 
(b) The structure must be designed to give each occupant every reasonable chance of escaping 
serious injury when – 
(1) Proper use is made of seats, safety belts and shoulder harnesses provided for in the 
design; 
(2) The occupant experiences the static inertia loads corresponding to the following 
ultimate load factors: 
(i) Upward, 3·0g for normal, utility, and commuter category aeroplanes, or 4·5g 
for aerobatic category aeroplanes; 
(ii) Forward, 9·0g; 
(iii) Sideward, 1·5g; and 
(iv) Downward, 6·0g when certification to the emergency exit provisions of sub-
paragraph 23.807(d)(4) is requested; and 
(3) The items of mass within the cabin, that could injure an occupant, experience the 
static inertia loads corresponding to the following ultimate load factors: 
(i) Upward, 3·0g; 
(ii) Forward, 18·0g; and 
(iii) Sideward, 4·5g. 
(c) Each aeroplane with retractable landing gear must be designed to protect each occupant in a 
landing –  
(1) With the wheels retracted; 
(2) With moderate descent velocity; and 
(3) Assuming, in the absence of a more rational analysis – 
(i) A downward ultimate inertia force of 3g; and 
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(ii) A coefficient of friction of 0·5 at the ground. 
(d) If it is not established that a turnover is unlikely during an emergency landing, the structure 
must be designed to protect the occupants in a complete turnover as follows: 
(1) The likelihood of a turnover may be shown by an analysis assuming the following 
conditions: 
 (i) The most adverse combination of weight and centre of gravity position; 
(ii) Longitudinal load factor of 9·0g; 
(iii) Vertical load factor of 1·0g; and 
(iv) For aeroplanes with tricycle landing gear, the nose wheel strut failed with the 
nose contacting the ground. 
(2) For determining the loads to be applied to the inverted aeroplane after a turnover, an 
upward ultimate inertia load factor of 3·0g and a coefficient of friction with the ground 
of 0·5 must be used. 
(e) Except as provided in CS 23.787 (c) the supporting structure must be designed to restrain, 
under loads up to those specified in subparagraph (b) (3) , each item of mass that could injure an 
occupant if it came loose in a minor crash landing.”[31] 
 
 
CS 23.787 Baggage and cargo compartments 
„ (a) Each baggage and cargo compartment must – 
(1) Be designed for its placarded maximum weight of contents and for the critical load 
distributions at the appropriate maximum load factors corresponding to the flight and 
ground load conditions of CS-23. 
(2) Have means to prevent the contents of any compartment from becoming a hazard by 
shifting, and to protect any controls, wiring, lines, equipment, or accessories whose 
damage or failure would affect safe operations. 
(3) Have a means to protect occupants from injury by the contents of any compartment, 
located aft of the occupants and separated by structure, when the ultimate forward 
inertia load factor is 9g and assuming the maximum allowed baggage or cargo weight 
for the compartment. 
(b) Aeroplanes that provide for baggage or cargo to be carried in the same compartment as 
passengers must have a means to protect the occupants from injury when the baggage or cargo 
is subjected to the inertia loads resulting from the ultimate static load factors of CS 23.561 (b) 
(3), assuming the maximum allowed baggage or cargo weight for the compartment. 
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(c) For aeroplanes that are used only for the carriage of cargo, the flight crew emergency exits 
must meet the requirements of CS 23.807 under any baggage or cargo loading conditions.”[31] 
Meeting requirements of 23.561 and 23.787 is fulfilled by using corresponding load factors 
defined in 5.3.4 Load cases. Paragraph 23.787 allows forward load factor of 9g is assumed 
instead of 18g given by 23.561. This is enabled by using safety barrier net which divides space of 
the pilots and the cargo space. This safety barrier is used also for the EV-55 cargo version and it 
is designed for 9g forward load factor. 
 
 
5.3.3 Definitions 
 
Reserve factor RF 
The reserve factor describes is defined as: 
   
                 
           
 
The reserve factor meaning is to show compliance with the CS 23.305 Strength and deformation 
and CS 23.307 Proof of structure. 
 
Limit state 
The limit state is a condition of a structure beyond which it no longer fulfils the relevant design 
criteria. Most often it means reaching ultimate tension load or buckling load. For evaluating each 
RF the limit state is defined individually. 
 
 
5.3.4 Load cases 
 
Load factors for load cases were provided by Evekor for corresponding weight configuration 
from the SAVLE software: 
 Load case Crash conditions Flight/ground conditions 
forward nx + 9 g 1.84 g 
aft nx  -  3.04 g 
up nz  - 3 g 2.87 g 
down nz +  5.89 g 
side ny   4.5 g 1.4 g 
Tab.  5-4 Load cases [32] 
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Flight/ground conditions are decisive, only forward load factor nx+ for crash conditions is 
determining according to CS 23.561 Emergency landing conditions because pilots might be 
injured in this case. 
 
 
5.3.5 Analysis 
 
This chapter contains strength analysis of the fire-fighting system to prove compliance with the 
CS-23 Amdt 3 specification defined in chapter 5.3.2 Certification requirements. In the beginning 
performed strength computations are listed: 
 Fuselage adjustments – assessing influence of fuselage skin cutouts for outlets on 
the fuselage structure 
 Cabin floor – fire-fighting system weight distribution to the cabin floor, attachment 
of the frame 
 Frame – strength analysis of the floor rail pins, dovetail pins and bracing 
 Tank – analysis of the tank frame and the skin fields 
 Outlets – strength analysis of the backflow preventer panel 
 Fastening rope and floor rail anchors 
 
5.3.5.1 Fuselage adjustments  
 
Major structural adjustment of the EV-55 influencing structural strength to allow carrying the 
fire-fighting system are two cutouts at bottom skin of the fuselage for the water outlets. 
Dimensions of these are 260x240 mm. 
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Fig. 5-39 Fuselage cutouts 
 
These cutouts do not interfere with the longitudinal or lateral structural members, but obviously 
affect stress distribution around the cutouts. To assess influence on the structure, software 
Stauno was used. Two computations were performed to evaluate cutouts influence to the 
longitudinal members and the skin. The skin was further analysed by methodology of Niu’s 
Airframe Structural Design book to evaluate diagonal tension effect of the buckled skin fields 
[33]. 
 
 Stauno 
Stauno is software originally developed for strength computations of multi-cell thin walled wing 
structures. Each cross section is defined by single input file. The cross section is then gradually 
loaded up to the maximum defined load. In each step reserve factors for each structural 
member are evaluated against defined critical loads. Once critical load for a structural member is 
achieved, it is assumed the member continues carrying the critical load but its stress does not 
raise anymore and further loading in following computational steps is redistributed among other 
members with RF>1 and new cross section characteristics are computed (excluding the failed 
member). The computation ends when the last member fails or when maximum defined load in 
the input file is reached. Results are written to an output file. [34] 
As mentioned, Stauno was developed for computations of wing structures – for closed cross 
sections. Fuselage contains big holes (cargo doors, cutouts) and it is the reason why two 
computations were performed. One was to check the longitudinal members since missing 
material of the cutouts do not participate on carrying the bending loads. As mentioned, the 
Stauno was developed for closed cross section areas and therefore the shear flows in this case 
are not computed accurately. Therefore the second computation is performed with closed cross 
section (without the cutouts). For this case the shear flows are correct and shear flow 
redistributions due to the cutouts is based on analytical theory by Niu’s Design Book [33 p. 530]. 
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Cross sections affected by the outlets cutouts are between bulkheads 13 and 14. Due to the fact 
that cross section 14 is further weakened by cutouts of big cargo door and emergency exit, 
computation is performed for this fuselage cross section as it is the critical one. 
 
Fig. 5-40 Affected cross sections 
 
Data to define the cross section in Stauno as well as critical load cases were provided by Evektor. 
For these data two text input files 14_pod.uno and 14_smyk.uno were prepared as described. 
14_pod.uno input file does contain the cutouts and is used for strength computation for the 
longitudinal system. 14_smyk.uno contains of closed cross section without a cutouts. 
Example of the 14_pod.uno input file: 
First part of the text file defines geometry of the cross section – 
number of the first and last point of the cross section cell and then its 
coordinates. 
 
 
 
 
 
 
 
 
 
 
Fig. 5-41 Cross section geometry 
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Next part of defines skin thickness among the points. Cutouts are defined as a skin of thickness 
0.001 mm. 
 
The following part defines cross section characteristics to the points. The characteristics consist 
of number of the characteristic, area of the stringer, second moment of area of the beam, 
critical load in compression and tension. Longerons and stringers as can be seen are defined only 
by the area, critical buckling load in compression and ultimate tensile stress in tension. 
 
The last part describes ultimate loads for each defined load case with its number, normal, 
tangent and torque moment, shear force, normal force, tangent force and overpressure (in case 
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of pressurized cabin). Critical load cases were provided by Evektor from SAVLE load case 
databank: 
 
 
 Longitudinal structural system 
The input file 14_pod.uno with cross section including the cutouts was used.  
The output file contains list of defined load cases with stresses and shear flows of the structural 
members as well as list of the computational steps showing reserve factors (KMIN). Critical is 
load case number 593 (gust on vertical stabilizer) in mass configuration 410 (4594 kg takeoff 
weight) [35] with the lowest KMINs: 
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When the ultimate load is applied, for this critical load case, the skin and stringer number 34 
buckles. This is the only load case where also stringer buckles, load on stringer 34 overcomes 
critical 118 MPa compression stress with reserve factor of 0.946. For the same Stauno 
computation but with cross section without the cutouts the reserve factor is 1.021. Because only 
one stringer fails at ultimate load, it is verified that the longitudinal system is able to carry the 
ultimate load, but influence of possibly buckled skin is not considered. Diagonal tension and its 
impact on the skin is described further in this chapter. 
 The skin 
As mentioned, to obtain correct shear flows (for the skin, riveting and the cutout reinforcement) 
input file with cross section excluding the cutouts was used. The biggest shear flows at the place 
of the outlets – points 36-38 or 42-44 (Fig. 5-41 Cross section geometry) are for the load case 74 
(landing on the main landing gear) and mass configuration 2710 (4600 kg) [36]. 
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Because the cutouts geometry includes two intervals of cross section point-defined geometry in 
Stauno input file (intervals 42-43 and 43-44 - Fig. 5-41), weighted average of these values was 
computed. 
cross section 
geometry intervals 
q 
[N/mm] 
length 
[mm] 
40-41 1.73 90.7 
41-42 3.54 148.2 
42-43 6.62 174.2 
43-44 8.51 150.1 
44-45 11.05 151.0 
45-46 12.16 151.0 
Tab.  5-5  Shear flows on intervals 
 
 
        
                             
             
 
                        
           
          
(5-25) 
 
The shear flow 7.49 N/mm would be between the points 42 and 44 (Fig. 5-41) in case of intact 
skin. By theory of Niu’s book [33 p. 530] this shear flow will be used to compute real shear flows 
around the cutouts. 
 
Fig. 5-42 Shear flows around the cutout [33] 
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Shear flows around the cutout [33]: 
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(5-29) 
 
As can be seen in following figure, fields with q1 and q3 are not divided as Niu’s theory expects. 
Therefore value of higher shear flow q1 is considered for both fields as conservative approach. 
 
Fig. 5-43 Shear flows around the cutout 
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 Additional axial load on stringers 
Because of missing skin the shear flow around the cutout are not in equilibrium with shear flow 
of adjacent skin field and have to be carried by surrounding longitudinal and lateral structural 
members. These additional loads are not included in Stauno computations which are only 2D 
cross section. Critical memebers are longitudinal stringers which are loaded by axial stress and 
moreover have to carry the shear flow q1. Computation is performed for shear flows from input 
files 14_pod.uno – maximum normal stress and for 14_smyk.uno – maximum shear flow. 
14_pod.uno – maximum normal stress: 
Maximum normal stress by Stauno is for critical stringer (lowest RF) number 36 with nominal 
compressive stress             with RF=1.39. Corresponding shear flow is q1=0.531 
N/mm. 
Normal stress including shear flow: 
 
         
  
  
      
    
  
     
         
    
        
(5-30) 
 
where As is stringer cross section area. 
Reserve factor: 
    
     
   
 
   
   
      (5-31) 
 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
14_smyk.uno – maximum shear flow: 
For this case nominal compressive stringer stress by Stauno is             with RF=1.306 
for critical stringer 38. Shear flow computed in this chapter is q1=12.45 N/mm.  
Normal stress including shear flow: 
 
         
  
  
      
    
  
     
         
    
        
(5-32) 
 
Reserve factor: 
    
     
   
 
   
   
      (5-33) 
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 Skin buckling 
Shear flow q1 is the highest one and also acting on the biggest field, therefore strength 
computation was performed for this field and also for q2 where the stiffening profile was added. 
Following computations are considered for a flat skin (web). In real the fuselage is slightly 
curved, therefore the computation is conservative. 
- Field q1: 
Critical shear flow [37]: 
          
 
 
 
 
              
   
   
 
 
         
 
  
  
 
(5-34) 
Reserve factor for buckling: 
     
  
  
 
    
     
      (5-35) 
Skin on this field will buckle, but this is not a limit state which is computed as: 
Ultimate shear flow given by the diagram [38]: 
        
 
  
 (5-36) 
 
    
    
  
 
  
     
      (5-37) 
 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
- Field q2: 
Critical shear flow [37]: 
          
 
  
 
 
             
   
   
 
 
           
 
  
 (5-38) 
Reserve factor for buckling: 
     
  
  
 
     
     
     (5-39) 
Skin on this field will buckle, but this is not a limit state which is computed as: 
Ultimate shear flow given by the diagram [38]: 
         
 
  
 (5-40) 
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      (5-41) 
 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
Both fields will buckle but will stand the ultimate load. Additional load from diagonal tension has 
to be considered when performing strength computations of the stiffening profile, stringers 
around the cutout and riveting. 
 
 Stiffening profile 
Because the cutout do not cover whole skin field, a stiffening profile is added to reinforce free 
edge of the skin to prevent buckling of the remaining field 320x185 mm. This profile is subjected 
to bending because of the diagonal tension of the buckled skin and also has to be stiff enough to 
stop running wave of the buckled skin.  
 
 
Fig. 5-44 Stiffening profile 
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- Bending under the diagonal tension 
 
Fig. 5-45 Cutout with buckled skin [33] 
 
Theory based on NACA 2661 report was used [33]. 
Additional line bending load: 
                                          (5-42) 
 
where k is the diagonal tension factor given by the diagram [39] and   is the diagonal tension 
angle. 
Maximum bending moment: 
    
    
 
  
 
        
  
           (5-43) 
 
Bending load: 
   
  
  
    
    
    
                 (5-44) 
 
Reserve factor for profile material 2024-T4: 
    
  
 
 
   
  
        (5-45) 
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- Stiffness to stop a buckling wave 
The stiffening profile must be also stiff in normal direction to the skin so it does not bend with 
the buckling skin. This stiffness was determined by a diagram for minimum second moment of 
area of a beam related to a skin field are and skin thickness [40]. For skin field of 320x185 mm 
and 0.8 mm skin minimum second moment of area of the beam is 1236 mm4 by the diagram. 
There is a recommendation of using 50% higher moment, which is 1855 mm4. This moment 
corresponds to L profile 20x20 mm with 1.2 mm thickness.  
 
 Longitudinal system considering skin diagonal tension 
Strength computation of the longitudinal system was performed in Stauno as described in the 
beginning of this chapter. As showed the skin computation, skin buckling occurs around the 
cutout, which causes diagonal tension and additional load for the stringers which has to be taken 
into account. Critical is stringer is number 38 and 42 (Fig. 5-41) because they are next to the 
biggest skin field and the skin is flat at this part and therefore with the most significant buckling. 
 
Fig. 5-46 Influence on the skin due to the diagonal tension on stringer 
 
For the critical load case 593-410 compression load from the Stauno on the stringer 38 is -113 
MPa with RF=1.44 (critical stress -163 MPa). 
Additional line bending load: 
                                             (5-46) 
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Total force: 
                          (5-47) 
 
As the bending load from the diagonal tension is significant, the critical buckling load is lower, 
because -163 MPa is critical value for pure compression. Additional stiffener between the 
stringers would eliminate bending effect of the line force wv. 
 
Fig. 5-47 Stiffening profile 
 
 Riveting 
Because of higher shear flows due to the cutouts, riveting is exposed to higher loads than 
originally designed.  
- q1 field 
14 rivets MS20470AD 4-4-5 are used on the stringer 38 - for length c + l (Fig. 5-42). Ultimate 
shear force per one rivet is 1689 N [41]. 
Shear flow including effect of skin buckling: 
 
                                         
     
 
  
 
(5-48) 
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Ultimate shear flow for 14 rivets: 
    
    
   
 
       
   
     
 
  
 (5-49) 
 
Reserve factor: 
    
  
   
 
    
    
      (5-50) 
 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
11 rivets MS20470AD 4-4-5 are used on the bulkhead 14 - length b (Fig. 5-42). Ultimate shear 
force per one rivet is 1689 N [41]. 
Ultimate shear flow for 14 rivets: 
    
    
 
 
       
   
     
 
  
 (5-51) 
 
Reserve factor: 
    
  
   
 
    
    
      (5-52) 
 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
 
- q2 field 
15 rivets MS20470AD 4-4-5 are used on the stiffening profile - length h(Fig. 5-42). Ultimate shear 
force per one rivet is 1689 N [41]. 
Shear flow including effect of skin buckling: 
                                              
 
  
 (5-53) 
 
Ultimate shear flow for 14 rivets: 
    
    
 
 
       
   
     
 
  
 (5-54) 
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Reserve factor: 
    
  
   
 
    
    
      (5-55) 
 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
 
It was proved that statically the structure with the cutouts withstands the loads without a failure 
and meets requirements stated in 5.3.2 Certification requirements. From fatigue point of view, 
stress concentration around the cutout corners could lead to crack initiations. Stiff caps on the 
cutouts could be used to redistribute the stresses and lower stress concentrations when 
operating the aircraft in normal cargo or passenger version. 
 
5.3.5.2 Floor 
 
The floor is design to withstand loads of the cargo. There are three baggage compartments – 
zone A of frames 6 – 10 designed for 700 kg, zone B of frames 10 – 14 for 1300 kg and zone C 
with frames 14 – 17 for 470 kg [32]. These weights were determined for ultimate load factors 
given by Tab.  5-4. Weight of the whole system filled with retardant (pure water) is 1457 kg. The 
weight is redistributed by the frame into the floor. Centre of gravity of the system is located in 
the middle of the frame, so the weight is distributed uniformly. 
 
 
 
Fig. 5-48 Weight distribution 
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Fig. 5-49 Frame 
 
 
As can be seen from the Fig. 5-48, zone A and zone B are loaded but only partially. Ultimate 
weight load is: 
    
  
 
    
  
 
    
   
    
     
    
    
              (5-56) 
 
where   and   are ultimate weights for each zone. 
With total system weight of           reserve factor is: 
    
  
  
 
    
    
      (5-57) 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
Second critical load case comes with upward load factor nZ-. The rails riveted to web of the floor 
longerons are subjected to local loads of double-stud fittings of the frame. This load is 
transferred from the rail to the web by riveting. By FEM study ultimate force Ff1=8250 N for one 
fitting was determine [42]. This force is local and it is assumed for the most critical place where 
web of the rail is interrupted by a bulkhead and therefore conservative. 
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Fig. 5-50 Rail load 
 
There are four frames supporting the tank, each with 12 double-stud fittings with 203.2 mm 
spacing. 
Total ultimate force: 
                            (5-58) 
 
Total upward acting force: 
                                       (5-59) 
 
Reserve factor: 
    
   
   
 
      
     
      (5-60) 
 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
Double-stud fittings of the frame are also loading groove of the rail itself. 
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Fig. 5-51 Rail groove 
 
By computations and tests ultimate force Fg1=51603 N was determined [42]. After achieving this 
force the groove deformed and the double-stud fitting was ripped out. Because this force is 
significantly higher than previously mentioned Ff1, rivets connection between the rail and the 
longeron web is critical. 
 
5.3.5.3 Frame 
 
The frame must transfer inertia loads from the tank to the floor rail – all forces in x, y as well as 
z-direction. 
 
 Dovetail pin 
The tank sits on dovetail locks which transform all forces except negative Fx. This one is carried 
by two dovetail pins. 
 
 
Fig. 5-52 Dovetail pin 
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Force per one pin is: 
    
        
 
 
                 
 
        (5-61) 
where ms is mass of the whole filled system. 
Shear stress: 
   
  
   
 
  
  
    
 
 
     
  
     
 
        (5-62) 
 
Pin cross section area is counted twice because of double shear case. 
Reserve factor: 
    
      
 
 
       
   
     (5-63) 
 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
 Floor rail pins 
At the bottom of each frame there are two pins setting position of the whole system in x and y-
direction and also transfers forces in these directions. The pin fits to the circular rail pattern. 
 
Fig. 5-53 Floor rail pin 
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Critical is direction x because of high load factor in this direction (Tab.  5-4). 
Force Fx’ per one pin: 
     
        
 
 
              
 
        (5-64) 
 
where n means number of pins. Although there is the rope to carry half of the total Fx force, 
rope stiffness is much lower than pins stiffness and therefore this conservative approach was 
used, the pins are designed to be able to carry entire force. 
Ultimate force     per one pin is determined to 30000 N [32]. 
Reserve factor: 
    
   
   
 
     
     
      (5-65) 
 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
 Double-stud floor rail fittings 
Last force to be transferred to the floor is in the z direction. For positive load factor nz forces are 
transferred directly from the bottom side of the frame to the rails, for negative load factor nz 
there are double-stud fittings to transfer the load. Strength of this connection was discussed in 
previous chapter. 
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 Bracing 
The bracings carry inertia force of the system in y-direction.   
 
Fig. 5-54 Bracing - front view 
 
 
Although compression leg of the bracing carries load too, for strength computation it is assumed 
the load is carried only by the tension leg.  
 
Fig. 5-55 Bracing - forces 
 
Force Fl is quarter of total force Fy: 
                                    (5-66) 
 
    
  
 
 
     
 
       (5-67) 
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Fl is in direction of the leg: 
    
  
      
 
    
          
       (5-68) 
 
Tension stress: 
   
  
 
 
    
   
       (5-69) 
 
Reserve factor: 
    
  
 
     (5-70) 
 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
The bracing is significantly overdesigned, but as mentioned it has to provide sufficient stiffness 
for manipulation when the frame is not mounted. 
 
 
5.3.5.4 Tank 
 
Whole tank is 4 degrees tilted backwards. For strength computation this fact is neglected. 
 
 
 Tank frame 
There is water pressure acting on the wall. This load has to be transferred from the skin to the 
profiles which are to carry the load. The profiles are considered as cantilever beams on both 
ends. Each profile carries pressure loads according to appropriate field. For the middle profile it 
is field h x m. 
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Fig. 5-56 Pressure on the front wall 
 
The pressure differs along the height – in horizontal direction the water column is constant e, in 
vertical the water column decreases from h to zero. For the front wall the load factors are nx+=9g 
forward and nz+=1g downward. Then the pressures are: 
 
                                       
                                        
(5-71) 
 
 
                                             
                             
(5-72) 
 
Since the pressure does not differ significantly, average constant pressure was assumed along 
the height: 
    
           
 
 
           
 
            (5-73) 
 
This pressure acts on area corresponding to each profile, for the middle one it is h x m field, 
where m is: 
   
 
 
 
    
 
         (5-74) 
 
From average pressure line force on the profile was computed: 
   
 
 
 
    
 
 
     
 
                        
 
  
   (5-75) 
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Maximum bending moment: 
      
    
  
 
           
  
               (5-76) 
 
Maximum bending stress: 
   
    
  
    
       
      
                (5-77) 
 
where Jx is second moment of area. To include also profiles of the rear wall to load transfer, 
there are tension struts connecting profiles of the front and rear wall. Therefore double second 
moment of area is used in computation (for one profile it is 189341 mm4). 
Reserve factor: 
    
     
 
 
   
   
      (5-78) 
 
where       is critical stress for the profile given by diagram [43]. 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
Previously mentioned tension struts are transferring loads to the rear wall profiles which 
participate on load transfer. Because the load is transferred locally into two discrete points of 
the profiles, rear wall profiles are more critically loaded than the front wall. 
 
Fig. 5-57 Rear wall 
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Critical spot is at B where the biggest bending moment is. This bending moment is caused by 
pressure on corresponding section on the front wall skin m x ht: 
 
                        
                                    
                    
(5-79) 
 
Pressure pC: 
 
                         
                                   
                       
(5-80) 
 
Force FB: 
         
 
 
         
 
 
                   
 
 
       
(5-81) 
 
Force FC which acts on area of the same dimensions as FB: 
         
 
 
         
 
 
                   
 
 
       
(5-82) 
 
Force FA from moment equilibrium for point D: 
                                  (5-83) 
 
 
   
                       
 
 
                                    
    
       
(5-84) 
 
The biggest bending moment is at B: 
                              (5-85) 
 
Bending stress: 
   
  
  
    
       
      
                   (5-86) 
 
92 
 
Reserve factor: 
    
     
 
 
   
   
      (5-87) 
 
where       is critical stress for the profile under bending load given by diagram [44]. 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
The tension struts are to transfer the load between the walls. Critical is bottom strut loaded by 
FB: 
   
  
 
 
    
    
        (5-88) 
 
 where A is cross section area of the strut. 
Reserve factor: 
    
  
 
 
   
   
      (5-89) 
 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
In the same manner strength computation for each wall with corresponding load factors and 
water columns were performed. 
 RF 
Floor 1.18 
Side 1.09 
Roof 1.35 
Front 1.27 
Rear 1.01 
Tab.  5-6 RF wall profiles 
 
These reserve factors comply with requirements stated in the 5.3.2 Certification requirements. 
 
 Tank skin 
To evaluate strength of 0.4 mm thick sheets, FEM analyses were performed for each skin field 
with corresponding load factor according to Tab.  5-7 Skin load cases which are critical load 
cased from Tab.  5-4 Load cases . As an example the biggest front sheet for nx+=9g load case 
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where highest stress levels appears is described in detail. All solved load cases are in the 
following table. 
   
floor nz+ +5.89 g 
side 
ny+ +1.4 g 
nz+ +5.89 g 
nx- -3.04 g 
roof nz- -2.87 g 
front 
nx+ +9 g 
nz+ +5.89 g 
rear nx- -3.04 g 
Tab.  5-7 Skin load cases 
 
 
The FEM analyse was performed in Abaqus 6.11 as geometrically and material nonlinear 
problem. The geometry was modelled as 3D solid deformable body to enable all 6 degrees of 
freedom, the body itself is from shell elements, simplified that the skin field is 0.4 mm thick 
everywhere (neglecting 1.2mm thick edges).  
- Material 
Material 5052 is represented by isotropic bilinear model with 70.3 GPa Young’s Modulus and 0.3 
Poisson’s Ratio. Elastic behaviour is up to 193 MPa yield stress, then plasticity up to 228 MPa of 
ultimate stress with 0.11725 plastic strain. [26]  
- Boundary condition 
Because edges of the skin field will be welded to the frame, all DOF were 
suppressed on the edges. Computation was performed for limit and 
ultimate load. The pressure is applied on the surface, value is given by an 
equation of an analytical field that it raises along height of the tank 
according to equations (5-71) and (5-72).  
- Mesh 
The shell was uniformly seeded with 5 mm pitch, which means 72 elements 
on the bottom edge and 15552 elements in total. 
- Results – Ultimate load 
Computation for nonlinear deformation was performed in 24 steps. As limit 
state maximum strain was considered, which is 0.12 by tensile tests on a 
flat specimen [26]. In Abaqus this is visualised by PEEQ – equivalent plastic 
strain. This is equivalent scalar value and corresponds to tested uniaxial 
stress-strain curve (although this case is biaxial stress). 
Fig. 5-58 Boundary 
conditions 
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Fig. 5-59 Strain at ultimate load 
 
Maximum strain by FEM analyse is          , then reserve factor is: 
    
    
     
 
    
      
      (5-90) 
 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
Deformation of the skin field is 15.1 mm in the middle in normal direction. 
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Fig. 5-60 Deformation at ultimate load 
 
- Results – Limit load 
Thin sheet reveals high reserve of plasticity and therefore load redistribution. Therefore it would 
be possible to use even thinner sheet, but according to CS 23.305 the structure must be able 
support limit loads without detrimental, permanent deformation. [31] 
Because nx+=9g is under the crash landing conditions (Tab.  5-4), representative example for limit 
load load factor nz+=3.93g (nz+=5.89 ultimate load factor) was chosen. FEM model is the same 
only the load differs (zero at the roof of the tank, maximum at the bottom).  
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Fig. 5-61 Plastic deformation on cut of the skin 
 
Fig. 5-61 shows plastic deformation of the edges at limit loads. This is caused by boundary 
conditions – edges are clamped and bending causes higher stresses. It is also influenced by mesh 
density and it is difficult to predict behaviour around the edges accurately. Because the edges 
are welded to the stiff frame in real, plastic deformation is expected at the edges. But according 
to Advisory Circular this plastic deformation is not significant and is not considered to be 
detrimental [45]. 
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FEM analyses were confronted with Föpple theory used for strength computations of flat thin 
sheets loaded by pressure (for example fuel tanks). [46] 
 
Fig. 5-62 Föpple theory 
 
This theory computes only with membrane tension stress state. It is applicable only if deflection 
is significantly higher than the sheet thickness. Stresses in y and z direction for A and B spots as 
well as for the middle 0 can be computed, also deflection in the middle. 
For previously described case – skin field of the front wall loaded by nx+=9g the theory gives 
results: 
 FEM Föpple 
Maximum stress 199 MPa 360 MPa 
Maximum deflection 15.1 mm 12 mm 
Tab.  5-8 FEM versus Föpple 
 
Most significant difference between FEM and Föpple is the Föpple theory computes only with 
linear elastic material and also with different boundary conditions – the edges are simply 
supported, unlike the FEM where material is bilinear elasto-plastic with clamped edges. With 
respect to these facts FEM results are considered to be reasonable. 
These analyses were performed for all the tank skin fields for limit and ultimate loads. Some of 
the sheets exhibit detrimental plastic deformations under limit load, but less significant than 
showed front skin field which is the most critical. 
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5.3.5.5 Fastening rope and floor anchors 
 
Purpose of the rope and floor anchors is to suppress a moment of the tank for emergency 
landing case by carrying half of the fire-fighting system inertia force in x-direction. 
 
Fig. 5-63 Rope forces – side view 
 
 
 
Fig. 5-64 Rope forces - top view 
 
    
        
 
 
                
 
        (5-91) 
 
This force distributed in directions of the rope:  
    
  
      
 
     
           
        (5-92) 
 
 
Force Fl redistributes further into two strands of the rope: 
   
  
  
 
 
 
      
 
     
 
 
 
           
        (5-93) 
 
Reserve factor for rope diameter 14 mm: 
    
    
  
  
      
     
      (5-94) 
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where Fmax is ultimate force for the rope [47]. Larger diameter than needed is used to obtain 
higher stiffness of the rope. If rope elongation was too high, the rope would not transfer 
expected load, because other structural member are much stiffer. For the same reason a rope 
tensioner is necessary to use to stretch the rope when installing the system. 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
These forces load two floor rail anchors where the rope is attached. 
 
 
Fig. 5-65 Floor rail anchor 
 
 
Fig. 5-66 Floor rail anchor forces 
 
Attachment of the floor rail anchor works the same way as attachment of the frame to the floor 
rails. There is one pin to carry force in x-direction, two double-stud fittings to carry z-direction 
force. 
Half of total forces act as there are two floor rail anchors. 
Reserve factor for x-direction: 
    
   
      
 
     
     
      (5-95) 
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where     is ultimate force discussed in chapter 5.3.5.2. 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
Force FZ: 
       
  
 
        
     
 
                    (5-96) 
 
Reserve factor for z-direction: 
    
     
      
 
      
     
      (5-97) 
 
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
 
5.3.5.6 Outlet 
 
 Backflow preventer 
The backflow preventer consists of 0.8 mm sheet stiffened by four 16x10-1.5 mm profiles. The 
panel must withstand pressure of nx+=9g. 
 
 
Fig. 5-67 Water column 
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Pressure acting on the backflow preventer: 
                                              (5-98) 
 
 
Fig. 5-68 Backflow preventer dimensions 
 
Total force on the backflow preventer panel: 
                                            (5-99) 
 
Line force per one stringer: 
    
  
   
 
    
       
           (5-100) 
 
Each stringer is considered to be simply supported beam uniformly loaded by fs. Then maximum 
bending moment is: 
      
    
 
 
 
            
 
           (5-101) 
 
Bending stress of the stringer: 
   
    
  
    
      
   
              (5-102) 
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Reserve factor: 
    
     
 
 
   
   
     (5-103) 
 
where       is critical stress for stringers determined by diagram from [44].  
This reserve factor complies with requirements stated in the 5.3.2 Certification requirements. 
 
 
5.3.6 Structural strength analyses conclusion 
 
All performed strength analyses of the fuselage adjustments as well as the fire-fighting system 
proves compliance with requirements stated in chapter 5.3.2 Certification requirements.  
Following table shows reserve factors of the fire-fighting system parts: 
  load case RF 
Floor weight distribution nz+ 1.06 
frame attachement nz- 9.67 
Frame dovetail pins nx- 2.6 
floor rail pins nx+ 1.87 
bracing ny 8.6 
Tank frame floor wall nz+ 1.18 
side wall ny 1.09 
roof wall nz- 1.35 
front wall nx+ 1.27 
rear wall nx+ 1.01 
Tank skin front sheet nx+ 5.55 
Fastening rope tension nx+ 2.96 
Floor rail anchor floor rail pin nx+ 1.07 
 double-stud fittings nx+ 1.09 
Outlet back-flow preventer nx+ 1.20 
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5.4 Air supply 
 
As mentioned, the air intake supplies the tank by air while discharging. Cross section area of the 
air intake is designed to provide sufficient flow rate. That means pressure in the tank will not 
decrease while discharging and therefore the intake does not cause discharge slow down.  
 
 
Fig. 5-69 Air intake 
 
By Bernoulli equation total pressures between 1 and 2 are in equilibrium: 
                     (5-104) 
 
where static pressures         and pl is pressure loss caused mainly by local flow lost at the 
piping knee. 
            (5-105) 
 
 
 
 
   
  
 
 
   
     
 
 
   
  (5-106) 
 
where         is coefficient of local loss of the 180° knee [48] and v1 is flight speed for the fire 
attack. 
   
    
       
  (5-107) 
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Velocity v2 depends on volume flow rate and pipe area. Maximum volume flow rate is given by 
volume flow rate of the retardant while discharging discussed in chapter 5.2 and is 
           . 
         (5-108) 
 
    
 
  
 
  
   
 (5-109) 
 
where D is pipe diameter. Then can be written: 
   
   
  
   
 
 
     
  
   
 
 
 (5-110) 
 
And from this equation the pipe diameter can be computed: 
     
  
   
  
 
       
 
   
      
     
 
 
         
 
         
(5-111) 
 
Piping of inner diameter of 130 mm was chosen. 
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6 FLIGHT PERFORMANCE 
 
6.1 Endurance 
 
Goal of the fire-fighting EV-55 is to be able to carry as much fire retardant as possible, but also 
has to provide reasonable endurance. 
Fuel weight: 
 
                                   
        
(6-1) 
 
where MTOW is Maximum Take-off Weight, MFW is Minimum Fight Weight [49]. This weight 
includes weight of the structure, operating fluids, fuel reserve for 30 minutes of maximum 
continuous power as required by CS 23.25 [31] and two pilots. MFFS is total weight of filled fire-
fighting system. That gives 298 kg rest fuel. 
Endurance: 
   
  
  
 
   
   
                (6-2) 
 
where ch is hour fuel consumption for maximum continuous power. 
Range: 
                          (6-3) 
 
where vc is a cruise speed. 
 
The EV-55 fire-fighting version with filled fire retardant tank has endurance of about 53 minutes 
with range of 333 km. These are minimum values since hour fuel consumption for maximum 
continuous power was considered, in real endurance and range would be a bit higher. But this 
range is reasonable for distance of more than 160 km between a landing strip and a fire. 
Because the retardant is refilled on the ground, also fuel tank can be refilled as well.  
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6.2 Centre of gravity 
 
With 1457 kg weight the fire-fighting system could significantly influence the centre of gravity 
and aircraft stability. Therefore the system must be designed and placed to avoid this for all 
options – when the tank is full as well as during the discharge when the retardant level 
decreases. 
Following figure shows position of EV-55 centre of gravity xMFW without the fire-fighting system, 
centre of gravity of fuel xf, position of MAC and centre of gravity of the fire-fighting systems in 
two configurations – for full tank and then during the discharge when the retardant level is at 
the top of the outlet entrance which gives the rearmost CG. Green lines mark allowed position of 
total CG (from 8% to 35% of MAC). 
 
 
Fig. 6-1 Centre of gravity 
 
Total CG position xT1 for filled up system: 
 
    
                      
          
 
                                  
             
          
(6-4) 
 
Total CG position xT2 for system rearmost CG: 
 
    
                      
          
 
                                 
            
          
(6-5) 
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CG in percents of MAC for filled up system: 
           
       
   
 
              
       
       (6-6) 
 
CG in percents of MAC for system rearmost CG: 
 
           
       
   
 
              
       
       (6-7) 
 
 
 
 
The fire-fighting system does not affect CG significantly. When the tank is full as well as when 
discharging, centre of gravity lies approximately in the middle of allowed CG range. 
There is an issue for the pilot while discharging - during less than 3 seconds the aircraft loses 
30% of its weight, which means significant increase of ration between lift and gravity force 
because of weight decrease. This lift excess leads to aircraft pitching. Therefore the pilot must 
lower the angle of attack by deflecting the elevator even if positive load factor nz is desired. But 
this is common issue and fire-fighting pilots are trained for this. 
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7 CONCLUSION 
 
This thesis describes modification of the EV-55 aircraft to a fire-fighting version. The conclusion 
summaries fulfilled goals given by the thesis assignment. 
The first part of the thesis contains competitiveness study performed on several currently used 
aerial fire-fighting aircrafts. The study comes up with a conclusion of potentially average fire-
fighting performance of the EV-55, but also emphasize that most of the compared aircrafts are 
single-purposed aircrafts. Outcome of the study states basic requirement for the fire-fighting EV-
55 version – the design must allow fast conversion from cargo or passenger version to fire-
fighting version which would make the aircraft highly versatile. Another set requirement is that 
already made EV-55 should be modifiable to the fire-fighting version with as minor structural 
adjustments as possible. 
Second chapter describes currently used fire-fighting systems with result that nowadays there is 
no commercially available system suitable for the EV-55. 
The third part and main part of the thesis introduces the fire-fighting system design. It is divided 
into four parts. First is the design description, explaining how the system works and how is 
installed. Second part is the discharge time and coverage level estimation in order to prove 
system functionality. Coverage level is 0.42 – 0.7 l/m2 and discharge time is between 1.8 and 2.9 
s. These values fulfil requirements given by aerial fire-fighting experience. Third part contains 
structural strength analysis. By this analysis all the system parts meet the certification 
specification. Last part is computation of the tank air supply while discharging. Air supply is 
sufficient and the air intake does not slow down the discharge. 
Last short chapter describes flight performance – range is about 330 km for full continuous 
power which corresponds to 53 minutes endurance. There is also study how the system 
influence the centre of gravity which lies between allowed 8 – 35% of mean aerodynamic cord 
for either full system and also while discharging. 
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NOMENCLATURE 
 
A [mm2] Area 
a [m.s-2] Acceleration 
Aout [mm
2] Outlet cross section area 
AGL [m] Height above ground level 
At [mm
2] Tank cross section area 
b [mm] Outlet cross section height 
c [l.m-2] Coverage level 
ch [eur] Operational costs 
ch [kg.h
-1] Hour fuel consumption with full continuous power  
D [mm] Diameter 
Dh [mm] Hydraulic diameter 
E [MPa] Young Modulus 
ee [kg.h
-1.eur-1] Economical efficiency 
eff [kg.h
-1] Fire-fighting efficiency 
F [N] Force 
f [N.mm-1] Line force 
Ff1 [N] Ultimate force per one double-stud fitting 
Ffa [N] Force on all double-stud fittings 
Ffu [N] Ultimate force for all double-stud fittings 
Fl [N] Force per one bracing leg 
Fl’ [N] Force in the rope 
Fpu [N] Ultimate fore per one floor pin 
Fx’ [N] Force per one floor pin 
g [m.s-1] Gravitational acceleration 
h [mm] Height, water column 
hl [mm] Head loss 
J [mm4] Second moment of area 
le [m] Total equivalent pipe length 
lee [m] Equivalent pipe length for the outlet entrance 
lek [m] Equivalent pipe length for the pipe knee 
m [kg] Mass 
MAC [mm] Mean aerodynamic cord 
MF [kg] Fuel weight 
MFFS [kg] Fire-fighting system weight 
mfr [kg] Mass of fire retardant 
MFW [kg] Minimum flight weight 
Mmax [N.mm] Maximum bending moment 
Mo [N.mm] Bending moment 
MTOW [kg] Maximum take-off weight 
n [-] Load factor 
nx [-] Load factor in x-direction 
ny [-] Load factor in y-direction 
nz [-] Load factor in z-direction 
p [Pa] Pressure 
pd [Pa] Dynamic pressure 
pl [Pa] Pressure loss 
ps [Pa] Statical pressure 
q [N.mm-1] Shear flow 
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Q [m3.s-1] Flow rate 
R [km] Range 
Re [-] Reynolds number 
Re [MPa] Yield stress  
RF [-] Reserve factor 
Rh [mm] Equivalent hydraulic radius 
Rk [m] Pipe knee radius 
Rm [MPa] Ultimate tensile strength 
t [s] Time 
t [mm] Thickness 
tc [h] Time of one flight cycle 
td [s] Discharge time 
TODA [m] Take-off distance available 
v [m.s-1] Velocity 
vc [km.h
-1] Cruise speed 
Vout [mm
3] Volume of the outlet 
vout [m.s
-1] Speed at the outlet 
wA [kg] Ultimate weight for A fuselage section 
wB [kg] Ultimate weight for B fuselage section 
wd [m] Dispersed width  
ws [kg] System weight 
xCG [%] Position of the centre of gravity in percents of MAC 
xT [mm] Centre of gravity position in x-direction 
λT [-] Friction coefficient 
ξe [-] Outlet entrance local loss coefficient 
ξk [-] Pipe knee local loss coefficient 
σcrit [MPa] Critical stress 
σnom [MPa] Nominal stress 
  [m2.s-1] Kinematic viscosity 
  [kg.m-3] Density 
  [MPa] Stress 
  [MPa] Shear stress 
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APPENDICES 
 
 
A) DATA FOR COMPETITIVENESS STUDY 
 
B) DATA FOR DISCHARGE TIME AND COVERAGE COMPUTATION 
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B) DATA FOR DISCHARGE TIME AND COVERAGE COMPUTATION 
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